Background: In the past, the airway epithelium was thought to be primarily an inert physical barrier. We now know that the upper airway epithelium plays a critical role in both innate and adaptive immunity, and that epithelial dysfunction is strongly associated with inflammatory airway disease. The pathogenesis of chronic rhinosinusitis is poorly understood, but growing evidence supports a key role for the airway epithelium in the pathophysiology of the disease. Objective: The purpose of this study is to explore our current understanding of how dysfunction in human sinonasal epithelial cells (HSNECs) contributes to the pathogenesis of chronic rhinosinusitis with nasal polyps (CRSwNP) and to examine how current and developing therapies affect epithelial cell functions. Methods: A literature review of papers published in English pertaining to epithelial cell dysfunction in patients with CRSwNP was performed using the PubMed database. The search utilized combinations of the following key words: , influence on dendritic cells, influence on T-cells, regulation of eosinophils, vitamin D metabolism, complement production, and taste receptor function are altered in patients with CRSwNP and contribute to the pathogenesis of the disease. Current therapies utilized to manage CRSwNP counteract the effects of HSNEC dysfunction and relieve key symptoms of the disease. Conclusion: HSNECs are key players in both innate and adaptive immunity, and altered epithelial functions are closely intertwined with the pathogenesis of CRSwNP. Our review supports further investigation of altered HSNEC function in patients with CRSwNP and supports development of novel epithelial-targeted therapies for its management.
Introduction
Chronic rhinosinusitis (CRS) is a chronic inflammatory disease of the upper airway that affects approximately 16% of the U.S. population and up to 27.1% of certain European countries. 1 CRS is commonly divided into 2 distinct phenotypes based on the absence or presence of nasal polyps: CRS without nasal polyps (CRSsNP) and CRS with nasal polyps (CRSwNP). Although there is some overlap, CRSsNP is typically characterized by a type 1 inflammatory profile, and CRSwNP demonstrates a type 2 inflammatory profile and eosinophilia. 2 Type 2 cytokines can have significant effects on both innate and adaptive immunity and drive many of the physical symptoms of CRSwNP including rhinorrhea, mucus production, and tissue remodeling. 3, 4 CRSwNP is the most difficult form of the disease to treat, with reported surgical revision rates ranging from 3.5% to 50%, [5] [6] [7] [8] [9] [10] and will be the focus of this review. This article will describe how dysfunction of the airway epithelium contributes to the pathogenesis of CRSwNP and further will discuss the impact of current and developing therapies on epithelial cell functions.
Roles of the Upper Airway Epithelium

Mucociliary Clearance
Mucociliary clearance (MCC) is an innate immune mechanism in which ciliated epithelial cells drive liquid on the surface of the airway, primarily mucus that traps pathogens and other inhaled irritants, toward the throat where it can be swallowed or expectorated. 11 HSNECs play a fundamental role in this process, and effective, coordinated, ciliary beating is essential to effective MCC. 12 Multiple studies have demonstrated that CRS is associated with a reduction in MCC. [13] [14] [15] Although basal ciliary beat frequency (CBF) is shown to be comparable between CRS patients and control subjects, CBF is blunted in response to environmental stimuli in patients with CRS. [16] [17] [18] Impaired MCC can lead to mucostasis, bacterial colonization, biofilm formation, and even CRS itself. 16 One study showed that genetically engineered mice lacking functional cilia, and thus lacking effective MCC, all developed severe CRS. 19 Collectively, these studies suggest that the blunted epithelial CBF response and reduced MCC associated with CRS may play a significant role in its pathophysiology.
Barrier Function
The upper airway epithelium consists of pseudostratified, ciliated, columnar, epithelial cells that serve as a physical barrier between the external environment and cells in the subepithelial space below. 20, 21 Apical tight junctions (TJs), underlying adherens junctions, gap junctions, and desmosomes form multiprotein complexes that, through cell-cell contact, help to establish cell polarity, form a barrier, and regulate the paracellular flow of electrolytes and macromolecules. [20] [21] [22] [23] Both trans-tissue resistance and trans-epithelial resistance (TER) have been shown to be significantly reduced in patients with CRSwNP, as compared to healthy subjects. 24 Epithelial tissue from patients with CRSwNP has also been shown to have a severely disrupted TJ layer with significantly decreased expression of occludin, ZO-1, claudin-1, DSG1, and DSG2. 23, 24 Exposure to pro-inflammatory cytokines IL-4, IL-13, and IFN-c, which are elevated in CRSwNP, has been shown to disrupt epithelial integrity and reduce TER in human sinonasal epithelial cells (HSNECs) cultured at the airliquid interface. 24, 25 Disturbances to integral epithelial structures create a leaky barrier that allows an increased number of inhaled irritants to infiltrate and activate immune cells in the subepithelial space. 26 Thus, the disrupted epithelial barrier evident in CRSwNP may play a key role in the pathogenesis of the disease.
Secretion of Cytokines
HSNECs release inflammatory cytokines when exposed to foreign substances such as microbes and allergens. 20 Of the most notable pro-inflammatory mediators produced by HSNECs are IL-25, thymic stromal lymphopoietin (TSLP), and IL-33. IL-25 has been shown to be overexpressed in patients with CRSwNP as compared to controls, and increased IL-25 has been shown to correlate with increased serum eosinophils and worse computed tomography (CT) scores. 27 TSLP messenger RNA (mRNA) expression has been shown to be increased in CRSwNP nasal tissue 28 and has been shown to be an important initiator of type 2 inflammation. 29 Overexpression of IL-33 is associated with CRSwNP, and in murine models, blocking IL-33 reduces the activation of Th2 cells. 30 Collectively, these studies demonstrate that HSNEC expression of inflammatory cytokines is altered in patients with CRSwNP, which is thought to contribute to disease pathogenesis.
HSNEC Influence on Dendritic Cells
Dendritic cells (DCs) are immune cells that process and present antigens to naı¨ve T-cells, and thus play a major role in directing the adaptive immune response. 31 HSNECs regulate DCs through their own epithelial derived cytokines and chemokines, which include IL-6, GM-CSF, PGE2, TSLP, CCL2, and CCL20. 32 Prior studies have demonstrated that independent of in vitro stimulation with a fungal antigen, CRSwNP HSNECs can recruit and activate DCs to initiate Th2 skewing. Furthermore, CRSwNP HSNECs are hyperresponsive to fungal antigen exposure and activate DCs more robustly than control subject derived HSNECs. 32 The HSNEC barrier also blocks inhaled irritants from reaching and stimulating the maturation of DCs in the subepithelial space. In patients with CRSwNP, epithelial integrity is significantly disrupted which can lead to heightened DC stimulation. 33 Overstimulation of DCs due to compromised epithelial integrity is noteworthy due to the ability of DCs to drive Th1/Th2 responses after exposure to exogenous antigens. 32 Abnormal HSNEC modulation of DCs affects adaptive immunity and may contribute to the altered immune profile seen in patients with CRSwNP.
HSNEC influence on T-cells
Elevation of T-cells in patients with nasal polyps is well established 1, 34, 35 with HSNECs being hypothesized to play a role in the modulation of T-cell functions. The elevated presence of T-cell attracting chemokines in nasal polyps may contribute to a continual trafficking of T-cells to the inflamed sinonasal mucosa. 36 For example, studies have shown that T-cell recruiting chemokines CXCL9 and CCL17 are significantly elevated in nasal polyp tissues. 37, 38 HSNECs also express B7 costimulatory molecules which can interact with the T-cell Receptor, affecting T-cell activation, survival, and differentiation. [39] [40] [41] As previously mentioned, CRSwNP HSNECs also contribute to an altered T-cell response by influencing DCs to promote Th2 skewing. 32, 41 Therefore, it is clear that dysfunction of HSNECs can contribute to altered recruitment, activation, and differentiation of T-cells, which may drive the skewed adaptive immune response evident in CRSwNP.
HSNEC Regulation of Eosinophils
The majority of patients with CRSwNP in the United States and Europe show pronounced infiltration of eosinophils in nasal polyp tissue. 42 Eosinophils play a multifaceted role in immunity by releasing toxic granules, releasing 35 different cytokines, recruiting lymphocytes, presenting antigen to T-cells, and regulating DCs. 43, 44 CRS patients with high tissue eosinophilia have been shown to have significantly worse endoscopic scores, 45 decreased olfactory function, 46 and worse postoperative outcomes. 47, 48 Sinonasal tissue from patients with CRS shows significantly elevated expression of eotaxin-1, -2, and -3, which are known to attract circulating eosinophils into local tissues. 37, 49 As compared to control turbinate tissue, elevated expression of all 3 eotaxins in nasal polyp tissue has been shown to correlate to the degree of eosinophilia, 50 although it is important to note that the use of control turbinate tissue rather than control sinus tissue may have influenced these findings. As mentioned previously in this review, IL-25, IL-33, and TSLP have been shown to be overexpressed in CRSwNP. 27, 28, 30 This is significant given that one recent study demonstrated that mRNA expression of IL-25 and IL-33 correlates with a high degree of tissue eosinophilia, 51 and another study found that TSLP and its receptors are expressed at higher levels in patients with eosinophilic CRS. 52 CRSwNP HSNECs also show elevated expression of Cystatin SN (CST1), which promotes the recruitment and activation of eosinophils. 53, 54 These studies suggest that the altered epithelial expression of eotaxins, cytokines, and CST1 may drive the high degree of sinonasal tissue eosinophilia found in patients with CRSwNP, which is significant given the negative association between high tissue eosinophilia and endoscopic scores, olfactory function, and postoperative outcomes. [45] [46] [47] [48] Sinonasal Production of 1,25(OH) 2 
D 3
Vitamin D3 (VD3) plays a complex role in immunity, having a wide range of functional effects on innate and adaptive immune responses. In the skin, pro-VD3 is converted to pre-VD3 which then binds to vitamin D binding protein for transport to the liver where it is converted to 25(OH)D 3 . Finally, 25(OH)D 3 is converted to its active metabolite, 1,25(OH) 2 D 3 , by 1a-hydroxylase. 55 In the sinonasal mucosa, 80% of 1a-hydroxylase positive cells are HSNECs. 56 However, studies have shown that patients with CRSwNP have reduced sinonasal 1a-hydroxylase and 1,25(OH) 2 D 3 levels as compared to controls, and that reduction in 1a-hydroxylase is associated with worse SNOT22 scores. 57 In addition to serving as a major source of local 1,25(OH) 2 VD 3 , HSNEC can also respond to it. One study showed 1,25(OH) 2 D 3 reduced HSNEC secretion of TNFa, IL-6, and IL-8 in response to a H1N1 infection, 58 while another study demonstrated that 1,25(OH) 2 D 3 is able to block cigarette smoke extract-induced secretion of IL-6, IL-8, and CCL20 by HSNECs. 56 Thus, the reduced HSNEC synthesis of 1,25(OH) 2 D 3 in CRSwNP may be a key contributor to sinonasal inflammation.
Complement Production
Traditionally, the observed effect of complement factors and receptors on various cell types was thought to be mediated solely by complement activation fragments generated in the serum, the lymph, or interstitial fluids. 59, 60 Although liver-generated circulating C3 and C5 are required for the detection and removal of pathogens, 59, 60 an emerging paradigm suggests that local, cellderived, complement activation is key in driving and modulating specific immune responses. [61] [62] [63] [64] The complement cascade can be activated by 3 distinct pathways, but each pathway converges at the central protein of the complement system, C3. 65 C3 has a wide range of inflammatory effects, and its cleavage products have been shown to influence Th2 reactions in asthma and allergy. 66 C3a increases small vessel permeability, vasodilation, and histamine release, thus enhancing inflammatory status. C3a is also a chemoattractant for eosinophils, while C3a and C3b can both activate eosinophils. 66, 67 As eosinophilia is a major feature of CRSwNP, complement proteins produced by HSNEC could play an important role in eosinophilic CRSwNP. 36, 68 A study published by Lane et al. in 2006 utilized immunohistochemical analysis to demonstrate that C3 is present on HSNECs. 68 Another study has also shown a 4-to 5-fold increase in C3 gene transcriptional activity in sinus tissue samples of patients with CRSwNP as compared to controls. 65 Recently, CRSwNP HSNECs have been shown to have elevated intracellular stores of C3 and C3a compared to control subjects, and elevated nasal mucus C3 levels have been shown to correlate with worse subjective disease severity. 69 The same study demonstrated that C3aR deficiency and C3aR antagonism reduced sinonasal epithelial injury and inflammation, and decreased epithelial thickness, inflammatory cell infiltrates, and eosinophil numbers in a murine model, 69 suggesting that blunting sinonasal complement activity reduces sinonasal inflammation.
Bitter and Sweet Taste Receptors
Ciliated epithelial cells and non-ciliated solitary chemosensory cells (SCCs) in the nasal mucosa express both Taste Receptor Family 2 (T2R) and Taste Receptor Family 1 (T1R) receptors which are commonly known for their role in bitter and sweet taste perception, respectively. They share a common G Protein signaling pathway in which binding of a bitter or sweet ligand triggers a downstream signaling cascade that generates an action potential (AP). The AP triggers the release of ATP which activates taste sensory receptors, ultimately resulting in the perception of taste. 12 However, recent studies demonstrate that the role of T1R and T2R receptors extends beyond taste perception. 12, [70] [71] [72] [73] [74] [75] [76] T2R and T1R receptor isoforms have been implicated in sinonasal innate immunity and the pathophysiology of CRS. One extensively studied T2R isoform, T2R38, is expressed on ciliated HSNEC and responds specifically to bitter bacterial compounds. 12 Upon activation, T2R38 drives the production of nitric oxide (NO). 73 NO contributes to the innate immune response by directly inducing intracellular damage to infectious microbes. NO also increases CBF which accelerates both the dispersion of antimicrobial peptides (AMPs) in the sinonasal mucosa and the removal of pathogens trapped in mucus. 73, 76, 77 Recent studies have demonstrated that a polymorphism of the T2R38 gene, which renders the receptor inactive, correlates with a decreased ability of upper respiratory cells to eliminate bacteria, increased gram-negative bacterial infections, and worse surgical outcomes for affected CRS patients. 70, 72 The nonfunctional T2R38 genotype has also been shown to be overrepresented in patients with medically recalcitrant CRS. 71 The T2R and T1R receptors expressed on SCCs in the sinonasal mucosa also play a role in the innate immune response. The activation of SCC T2R triggers the release of AMPs such as beta defensins 1 and 2. On the other hand, the activation of SCC T1R antagonizes SCC T2R signaling, inhibiting the immune response to inhaled microbes. 12 Recent studies have implicated hyporesponsive T2R receptors and hyperresponsive T1R receptors in the decreased sinonasal innate immune response to pathogens in patients with CRS. 74, 75 These studies demonstrated a significantly decreased sensitivity to the bitter compound quinine 75 and increased sensitivity to the sweet compound sucrose 74 in patients with CRSwNP. Therefore, altered function of taste receptors expressed on HSNECs may contribute to the pathogenesis of CRSwNP.
Targeting Epithelial Cells for the Treatment of CRSwNP
Treatment of CRSwNP is complicated by the fact that no singular pathogen or gene has been identified as causing CRSwNP, as its causes are likely multifactorial in nature. 2, 78 As such, ideal therapeutic targets will likely need to modulate both innate and adaptive arms of the immune system. HSNEC line the sinus cavity and play important roles in orchestrating innate and adaptive immune responses (summarized in Figure 1 ). Given their immunomodulatory properties and anatomical location, they are ideal targets for topically delivered therapeutic agents. The impact of current and developing therapies on HSNEC function is described below.
Steroids
Topical and oral steroids are cornerstones of CRSwNP treatment regimens. 79 Numerous studies have shown that intranasal steroid treatments have a positive effect on polyp size, polyp reoccurrence, nasal airflow, and symptoms. 1, 80 Steroids reduce the activation and viability of eosinophils and can reduce the expression of epithelialderived inflammatory cytokines such as IL-1b, IL-6, IL-8, tumor necrosis factor-a (TNFa), and granulocyte macrophage-colony stimulating factor (GM-CSF). 81, 82 Glucocorticoids (GCs) also activate anti-inflammatory genes that encode mitogen-activated kinase phosphatase-1 (MKP-1), IL-10, inhibitor of NFjB (I-jBa), and glucocorticoid-induced leucine zipper protein. 83 GCs exert there anti-inflammatory effects through the glucocorticoid receptor (GCR), which in sinonasal tissue, is present in all cells, but predominantly in HSNECs. 83, 84 Four isoforms of the GCR are known to exist: GCRa, GCRb, GCRd, and GCRc. GCRa is the active isoform that mediates GC action. GCRb is unable to bind steroid ligands; however, it is able to bind DNA, and thus competitively blocks the GC-GCRa complex from binding DNA and exerting anti-inflammatory effects. 83 Variable expression of GCRa and GCRb may play a significant role in the efficacy of GC treatments in managing CRSwNP. One study found that GCRb expression is elevated in nasal polyp tissues of GC-insensitive patients, and that GCRa:
GCRb ratios in nasal polyp tissues are decreased in GCinsensitive patients. 85 Other studies have also found decreased sinonasal expression of GCRa and/or increased sinonasal expression of GCRb to be associated with decreased clinical efficacy of GC treatment. [86] [87] [88] On the other hand, some studies have found that no correlation exists between differential expression of GCRa and GCRb and GC treatment sensitivity. 89, 90 The relationship between GCR isoform expression and GC treatment efficacy thus requires further investigation.
Saline Rinse
Nasal saline irrigation has been shown to be effective in relieving symptoms of CRS both on its own and as a treatment adjunct. 91 Hypertonic saline solution has been shown to significantly increase TER values in HSNECs derived from patients with CRS. 92 Utilization of saline rinse is also associated with a significant reduction in microbial antigens and a reduction in microbial burden. 93 Conversely, another study demonstrated that saline rinses reduce the levels of AMPs in nasal secretions, thus compromising the innate immune response of the sinonasal epithelium. 94 However, the same study also showed that while saline irrigation initially reduced levels of lysozyme and lactoferrin in nasal secretions, low-salt solution stimulated an increase of AMP secretion. 94 These studies suggest that the clinical efficacy of saline rinse may be related to its effects on epithelial integrity and AMP secretion.
Anti-IL-25 Therapies
IL-25 produced by HSNECs can significantly affect type 2 immunity, and it can contribute to upper airway remodeling and pathological changes in patients with CRSwNP. 95 Furthermore, in the upper airway, SCCs have been found to be the primary source of IL-25. 96 IL-25 overexpression in CRSwNP is also associated with worse CT and endoscopy scores. 97 A study published by Shin et al. in 2015 demonstrated that in murine models of CRSwNP, anti-IL-25 therapy reduced the number of polyps, collagen deposition, infiltration of inflammatory cells such as eosinophils and neutrophils, and expression of local inflammatory cytokines such as IL-4 and IFN-c. 98 A number of other studies have also demonstrated that blocking IL-25 reduces type 2 inflammatory cytokines and improves clinical conditions in other type 2 inflammatory disorders such as asthma and ulcerative colitis. 99, 100 Despite these findings, to date, no clinical trials using anti-IL-25 antibodies for treatment of CRSwNP have been conducted. Given the evidence of the association between IL-25 and the pathogenesis of CRSwNP and other type 2 inflammatory disorders, anti-IL-25 therapy appears to be a Figure 1 . Immune functions of the upper airway epithelium. The upper airway epithelium is a key player in both innate and adaptive immunity and serves as the first line of defense against allergens, pathogens, and pollutants inhaled from the external environment. The epithelium kills or neutralizes inhaled microorganisms through the release of AMPs and coordinates the clearance of inhaled irritants trapped by mucus via ciliary beating in the process of mucociliary clearance (MCC). Stimulation of taste receptors expressed on epithelial cells by bitter bacterial compounds enhances the release of AMPs and triggers the production of nitric oxide which increases ciliary beat frequency, enhancing the dispersion of AMPS and improving MCC. The pseudostratified ciliated columnar epithelial cells joined by tight junctions, adherens junctions, gap junctions, and desmosomes also serve as a physical barrier that blocks inhaled irritants from passing through to the subepithelial space below. Exposure to foreign substances triggers epithelial release of inflammatory cytokines that influence T-cell, dendritic cell (DC), and eosinophil function. The epithelium is also a rich source of numerous chemokines that modulate Tcell, DC, and eosinophil activity. In addition, the epithelium is a local source of 1,25(OH)D3 and complement proteins C3 and C3a which play critical roles in innate and adaptive immune responses. Alterations to these epithelial functions are closely intertwined with the pathogenesis of chronic rhinosinusitis with nasal polyps.
promising avenue for the development of novel therapies for patients with CRSwNP.
Conclusions
HSNECs from patients with CRSwNP have altered functions including increased permeability and cytokine/chemokine production and are hyperresponsive to antigen stimulation. As such, HSNECs are major contributors to the pathogenesis of CRSwNP. Gaining a greater insight into the specific mechanisms driving epithelial cell dysfunctions may lead to the identification of novel therapeutic pathways that can ameliorate CRSwNP.
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